Sixty Fischer 344 rats were fed a diet containing 90 ppm methimazole, a known antithyroid compound. Following exposure to the test compound, groups of ten animals were terminated at 1, 3, and 6 months. Similar groups of ten treated animals were given control diet for a reversibility period of 2, 3, and 6 months, respectively. Groups of ten control rats were terminated after 1, 3, 6, and 12 months. Except for the expected effect on body weight, the treated animals had no physical signs of toxicity. The weight of thyroids increased with the duration of exposure, becoming in males after 6 months about ten times the weight of thyroids from control rats. Thyroids of treated rats after 1 and 3 months had a diffuse homogeneous hypertrophy and hyperplasia of follicular cells, decreased colloid, and increased vascularity. After 6 months' exposure to the antithyroid compound, there was diffuse hyperplasia but also a heterogeneity in the size and morphology of follicles, protrusion of follicular tissue through the gland capsule and into vascular spaces, and the development of follicular nodules. Treated rats placed on control diet, allowing for reversibility, had thyroids which were decreased in size with large follicles and flattened epithelium, and a complete remodeling of most nodules with no evidence of progression. Although the nodules produced after prolonged administration of the antithyroid compound had many of the characteristics of neoplasia, the biologic behavior supports the diagnosis of nodular hyperplasia.
Antithyroid compounds suppress thyroid hormone production and secretion. By a classic feedback control on the hypothalamus and pituitary, these compounds produce an increased secretion of thyroid stimulating hormone (TSH).2,3,5,11,17,23.29,33,34 The size, function, and morphology of the thyroid are quantitatively controlled by TSH." The thyroid has an enormous potential for proliferation, dependent upon the degree and duration of TSH production. 1 1~1 7~1 9
The follicular cell height varies with the degree of TSH stimulation, becoming tall columnar when active and flattened when lxZ7 Active follicles have decreased colloid, and inactive follicles have increased colloid. Following prolonged administration of antithyroid compounds, thyroid neoplasms have been reported in ro-Quantification of the functional and structural thyroid changes in the rat given an antithyroid compound has recently been These investigators found a drop to below detection limits for thyroid hormones within 7 days; and over a 5-month period a fivefold increase in TSH, a 12-fold increase in thyroid weight, and a ninefold increase in the number of thyroid cells. The development of vascularization during thyroid hyperplasia starts prior to the growth of follicular Thyroid follicular hyperplasia, especially nodular hyperplasia, is difficult to distinguish from neopla-dent~.3,12,14,20,21,25,28 cells. 15,24,32 sia. 1,27 Diagnostic criteria based only on morphology have been confusing and inadequate. Therefore, a better understanding of the biologic behavior of thyroid changes during induction and reversibility is needed.
A rat study was performed using methimazole, a known antithyroid compound. The purpose of this study was the correlation of morphologic changes with biologic behavior during induction and involution of thyroid alterations.
Materials and Methods
One hundred, 5-week-old male and female Fischer 344 rats (Charles River Breeding Laboratories, North Wilmington, MA) with similar initial body weights were randomly divided into a control and three treatment groups. The animals were individually caged in stainless steel units with wire mesh floors. The waste trays under the cage floors were changed weekly. The room was maintained at 24.5 k 2.5 C, a minimum relative humidity of 40% and a 12-hour lightdark cycle. The control group had free access to a standard rat mash diet (Purina Certified Rodent Chow 5002, St. Louis, MO). The treated groups received the same ration containing 90 ppm methimazole (Tapazole @ , 1 -methyl-2-thioimidazole, 99% purity, supplied by Eli Lilly and Co., Indianapolis, IN) . This concentration in the diet is approximately equal to a daily intake of 9 mg of methimazole per kg of body weight. Fresh diets were prepared every 2 weeks. At designated time periods five animals of each sex from the control and treated groups were terminated. A portion of the treated animals from each group was placed on control ration, allowing for reversibility. Each animal was assigned to a specific treatment group and termination time prior to initiation of the study (Fig. 1) .
The animals were observed daily. Food consumption and body weights were obtained once a week. The diets were analyzed for iodine content. At necropsy the thyroid glands were examined, trimmed and weighed. Lymph nodes, tissues adjacent to the thyroids, and the lungs were examined for gross lesions. The thyroids, lungs, and gross lesions were fixed in buffered formalin. Each thyroid was transected one or more times, depending on size, embedded in paraffin and serially sectioned at 5 pm. Several sections were attached to each slide. Tissues on every tenth slide were stained with methenamine silver for reticular fibers, the eleventh was stained with periodic acid-Schiff (PAS), and the remainder of the sections was stained with hematoxylin and eosin (HE).
Results
All rats survived their assigned test period. Except for a modest decrease in the body weights of treated animals when compared to control animals (Table l) , the treated animals had no physical signs of toxicity. The standard diet contained an adequate amount of iodine, with an assayed content of 1.02 to 2.24 ppm. There was a marked progressive increase in thyroid weights (Table 1) . By 6 months the thyroids of the treated male group weighed about ten times that of the control rats. Most of the treatment effects on body weight and partial effects on thyroid weight were reversible during the recovery phases (Table 1) .
Macroscopically, the thyroid glands from treated animals were bilaterally enlarged with increased redness and a smooth surface which after 6 months became lobulated. No evidence of gross changes was found in the adjacent lymph nodes and tissues or in the lungs.
The histologic appearance of control rat thyroids consisted of some variation in the size of follicles and in the height of follicular cells (Fig. 2 ). Most follicles were ovoid, lined by low cuboidal epithelium and filled with pale colloid. However, a few follicles were larger, lined by a more flattened epithelium, and filled with a deeper staining (PAS) colloid.
Thyroids of rats given the antithyroid compound for 1 month had a homogeneous microscopic appearance with all follicles having a similar morphology. There were diffuse hypertrophy and hyperplasia of the thyroid follicular cells. The extensive proliferation of follicular cells resulted in a few papillary projections into the follicular lumens. Mitotic figures were evident and the colloid content was greatly decreased (Fig. 3) . Colloid droplets were evident in the apex of the follicular cells. Vascular structures were more prominent.
After 3 months of hyperstimulation, the thyroids continued to increase in size and a few of the papillary projections became more pedunculated (Fig. 4) . The follicular cells lining the pedunculated structure appeared more crowded; the nuclei were more basophilic and ovoid. A single small nodule was found consisting of follicles resembling those in the pedunculated structure. After exposure to the antithyroid compound for 6 months, the thyroids continued to increase in size. Related to this expansive growth, hyperplastic tissue compressed and protruded through the gland capsule ( Fig. 5 ) and extended into the vascular spaces. The treated rat for 1 month. Bar = 0.1 mm. 6 . Protrusion of hyperplastic tissue into capsular vein but the endothelium appears intact; treated rat for 6 months. mm.
rat for 6 months. Bar = 0.1 mm. more active than the surrounding tissue. Bar = 0.1 mm. hyperplastic tissue protruding into the vein was covered with intact endothelial cells (Fig. 6 ). Following 6 months of treatment, in addition to morphologic changes noted after 1 and 3 months, there was a notable variability in the size and appearance of follicles. Some follicles were larger with increased colloid which stained deeply with PAS, and the follicular epithelium was low cuboidal. Groups of these inactive appearing follicles formed the more common type of nodules which compressed the surrounding tissues (Fig.  7) . Usually these inactive type nodules were multiple. A second type of nodular formation had a more complex follicular pattern. A distinct transition was seen from the characteristic hyperplastic epithelium to one in which the cells were tall and columnar with larger, uniform, basophilic, ovoid nuclei (Fig. 8) . The vertical axes of the nuclei were perpendicular to the base of the cells. The epithelial cells were well-oriented, forming a single layer with little or no cellular atypia (Fig.  9 ). No evidence of capsule formation around these nodules could be identified by reticulum staining. These active type nodules occurred infrequently ( Table 2 ).
The thyroid weights had decreased, though they still increased over controls, in rats treated for 1 or 3 months and then allowed a recovery period of 2 to 3 months. Histologically, the thyroids of these rats had diffuse enlargement of the follicles, increased colloid, and low cuboidal follicular cells. The nuclei were small and ovoid with the long axis parallel to the basement membrane. Coalescing of adjacent follicles to form cystic follicles was evident (Fig. 10) . A few follicles appeared more active, resembling those from control thyroids. The major mass of the involuted thyroid consisted of stored colloid.
Considerable variability in the size and morphologic characteristics of the follicles was noted in thyroids of rats treated for 6 months followed by 6 months of recovery. The majority of the follicles resembled those of control thyroid glands; however, several follicles were still enlarged, filled with colloid, and lined by low cuboidal cells (Fig. 11 ). There was no evidence of follicular tissue outside the gland capsule or protruding into vascular spaces. Nearly all nodular lesions found in rats treated for 6 months had remodeled. Seven nodules were found, but these showed evidence of involution (Fig. 12 ).
Discussion
Short-term exposure of rats to methimazole produced a progressive increase in thyroid size due to a diffuse hypertrophy and hyperplasia of follicular cells. At the same time, there was a decrease in colloid and an increase in vascularity. These are characteristic responses of rats to antithyroid com-~o u~~s .~,~,~,~J~J~J~B~~,~~,~~,~~ The mechanism for these responses is an increase in thyroid stimulating hormone (TSH) levels due to a decrease in production of thyroid In contrast to the homogeneity of the short-term follicular hyperplasia, the long-term effect of methimazole on the thyroids was morphologic heterogeneity of the follicles. This heterogeneity was noted by scattered follicles which progressed with time to the formation of single and multiple nodules. Nearly all hyperplastic thyroids in time become n 0 d~1 a r .~,~~,~~,~~ From a background of hyperplasia, developing nodules were divided into two major types. The most common type of nodule consisted of large follicles distended with colloid, and most of the low cuboidal follicular epithelium appeared inactive. Follicles in this type of nodule resemble those in the remainder of the gland, and usually these nodules were not completely delineated. There was some compression of surrounding tissue due to the increased storage of colloid.
The second type of nodule was more uniform and well-delineated from the surrounding tissue. The follicular epithelium appeared active, consisting of basophilic columnar cells which were more closely packed with dark ovoid nuclei. The follicles were small, containing decreased colloid. There was no capsule formation around these nodules and little or no compression of the surrounding tissue. Morphologically distinct nodules have previously been n~t e d .~,~~,~~ Why these nodular proliferations should occur has not been fully established. However, similar hyperplastic nodules are not uncommon in other tissues following prolonged stimulation. The formation of nod-horm0ne~.3,4,8.1 I , I6,17,19,29 ular structures may be influenced by cellular differences in response to trophic stimuli, variations in vascular supply, distortions produced by supporting stroma, or alterations due to focal necrosis and hemorrhage.
Recent research has provided an explantion for nodular development in hyperplastic thyroid gland^.*^,*^,^^ These researchers demonstrated that new follicles are formed from specific proliferating cells within old follicles. New follicles may differ from the parent follicle because of the heterogeneity of cells within old follicles. New follicles produced from cells with a decrease in endocytosis could lead to nodules with large follicles filled with colloid and an inactive flattened epithelium. Alternatively, nodules with tall basophilic epithelium and decreased colloid could arise from a more active proliferative cellular lineage.26a27
When methimazole was removed from the ration, the body growth rate increased, and the thyroid weights decreased. However, the size of the thyroid glands did not return to that of control rats. The follicles of involuted thyroids were large, contained a large amount of colloid, and the lining epithelial cells were flattened.
With longer recovery times, an increasing number of the follicles returned to the histologic appearance of control glands. Reversibility of the effects of antithyroid compounds has been noted with a return of normal thyroid hormone production and a decrease in TSH. 1 3 2 , 8~1 2 , 2 3 , 2 8 , 3 2 3 3 3 The number of follicular cells also decreases during i n v 0 1 u t i o n .~~~~~ The major portion of the mass of involuted thyroids is related to the large amount of accumulated Continual growth of the nodules present at the end of the 6-month induction phase was not evident following a 6-month reversibility period. The incidence of nodules was greatly decreased during the reversibility period. It is assumed that these remodeled into the appearance of the involuted gland. The seven distinguishable nodules found during the reversibility phase had small but variable sized follicles with low cuboidal epithelium and contained less colloid than the surrounding follicles. The protrusion of hyperplastic thyroid tissue through the capsule or into vascular spaces resulted from the expansion along lines of least resistance and not from inva~i0n.l~ During the reversibility period, there was no evidence of thyroid tissues protruding through the gland capsule or into vascular spaces. Regression and disappearance of induced thyroid nodules have been observed by others when antithyroid compounds were removed, allowing for reversibility of the induced ~h a n g e s .~J~ Further, thyroid hyperplasia and neoplasia did not occur in rats and mice given antithyroid compounds in conjunction with small doses of thyroid hormones or when TSH secretion was prevented by h y p o p h y~e c t o m y .~J~J~J~,~~ Such findings have led to the conclusion that devel-opment and maintenance of thyroid nodular growths are dependent on excessive TSH stimulation.
Although the nodular proliferations induced in the thyroids of rats given methimazole meet most of the morphologic criteria of benign neoplasia, their biologic behavior was that of nodular hyperplasia. Since the nodules regressed upon removal of the antithyroid compound, they should not be considered neoplasms. However, it is known that rats exposed to methimazole for 2 years will develop thyroid neoplasms.21 At present there is no direct evidence that hyperplastic nodules give rise to neoplasms following long-term stimulation.Io Recent evidence suggests that neoplasms may arise from a multi-step clonal selection p r o c e~s .~,~,~~,~~
The results of the present study provide evidence, based on morphologic characteristics and biologic behavior, for distinguishing nodular hyperplasia from benign neoplasia. Thyroid nodular hyperplasia was characterized by the following: (1) the nodules became multiple and bilateral with time, (2) during induction the adjacent thyroid tissue was hyperplastic, (3) fibrous capsule was absent around nodules, (4) the nodules were heterogeneous and most appeared inactive, (5) follicles within the nodules resembled those in the surrounding gland, (6) due to expansile growth, there was compression and extension beyond the gland capsule, and (7) the nodules were reversible. Care must be exercised to prevent the overinterpretation of these reversible lesions. Similar advice has been expressed concerning the production of reversible altered foci and nodules produced in the liver of rodent^.^,^,^^ 
